Abstract. In this study, annealed AL-6063 alloy was processed by the Equal Channel Angular Extrusion (ECAE) up to 6 passes at a temperature of 200°c following route A with a constant ram speed of 30 mm/min through a die angle of 90° between the die channels. The influence of ECAE processing on the evolution of microhardness in the material was studied using Vickers microhardness testing. The detailed analysis was carried out on the samples of as-received, one, two, three, four, five, and six pass conditions. The grain diameter reduced from 45µm to 2.8 µm after 6 passes of ECAE. The results indicated around 90% increase in Microhardness after 5 passes. Hardness of the inner surface where the billet was under compression was slightly higher than that of the mid-surface.
Introduction
The Equal channel angular extrusion (ECAE), which was developed in the Soviet Union in the early 1990s [1] , is known for producing materials with nano-scaled structures. This technique can significantly improve the mechanical properties of the materials as well as their microstructures. In this method, which is schematically shown in Fig. 1(a) , the specimens are strained in successive extrusion processes. The material in the form of a billet is extruded through an equal channel angle. The billet undergoes sever plastic deformations when it passes through the channel elbow. The processes can be performed using one of the routes displayed in Fig. 1(b) . In route B, the specimen is rotated by a maximum 90° after each extrusion whereas the billet is re-extruded without any rotation in route A. Grain refinement has been practiced as an effective means to enhance the strength of the crystalline materials for many decades. Strength dependence on the grain size is well described by the Hall-Petch relationship [2, 3] :
where σ y is the yield stress, σ o and k y are material constants and d is the average grain diameter. The refinement in grain size causes dislocation pile-up at the grain boundary, which impedes dislocation movement and increases the yield stress of the material. The micro structural aspects of the materials produced through ECAE have been extensively examined by many researchers over the past two decades. Mugharabi and Höppel [2] studied the bulk ultrafine-grained (UFG) metals and alloys using severe plastic deformation (SPD) techniques, such as equal channel angular pressing. Accordingly, it was admitted that these materials exhibited exceptional mechanical properties. Their research results demonstrated that, the fatigue strength of UFG materials was enhanced considerably (a) (b) by grain refinement, particularly in the HCF regime. A review survey was carried out by Valiev and Langdon [3] on the use of the ECAP for grain refinement, including modifying the conventional ECAP to increase the process efficiency and techniques for up-scaling the procedure as well as processing hard-to-deform materials. Chen et al. [4] studied the mechanical properties of Al-xMg alloys (x = 0, 1, 5-10 wt %), processed by the ECAP at room temperature. Their results indicated that the strain increased up to 4, and the strength of Al-6 wt% Mg alloy increased progressively while the elongation decreased from 31.7% to 5.5%.A comprehensive study of ECAE processing of the bulk Al-6061 material was conducted by Fu et al. [5] . The best process route for nanostructured/ultrafined processing of the bulk material was identified via comparing as well as simulation of different processing routes. 16 passes of ECAE processing by both of the physical experiment and finite element (FE) simulation were carried out. According to their results, basically no grain refinement was discerned after 8 passes of ECAE processing. The thermo-mechanical responses of Al 6061 before and after equal channel angular pressing (ECAP) at different strain rates and temperatures were measured by Khan et al. [6] . The results which were obtained from the tests revealed that the Al 6061 ECAP was not sensitive to the strain rate at room and lower temperatures; nonetheless, the sensitivity increased as the number of passes and/or temperature increased and this was also the case for the non-processed material. Lapovok et al. [7] established microstructure evolution, workability, and post-working fatigue behaviour of aluminum alloy 2124-T851, which was processed via the equal channel angular extrusion with back pressure. Their results indicated that the ECAE with back pressure enabled producing a sound material with significant grain refinement at nano-scale. Macheret et al. [8] investigated the microstructural evolution and mechanical properties of pure copper and Alloy 5083 aluminum processed by equal ECAE. Their results suggested that the "pure" metal was prone to low temperature recrystalization after large strain hardening. Segal [9] investigated the influence of contact friction, the channel geometry, the strain/stress rate, the billet shape, and the punch pressure on the ECAE process. His study also included the optimal choice of the processing route and number of passes. Kim et al. [10] scrutinized the microstructure development of the deformed 1050 Al alloy using SEM-EBSD measurements. Gao and Cheng [11] explored the behavior of a commercial aluminum bronze alloy (Cu-10%Al-4%Fe) by the ECAE process at 550° C, 600° C and 650° C, respectively. Their results demonstrated that the grain size of the alloy gradually reduced with the increase of the pass number and the mechanical properties were significantly improved after the ECAE. Furthermore, Enab [12] studied the microstructure and microtexture developed due to the cross deformation of the commercial purity 1050 aluminum alloy by making use of different routes in the ECAE process. He concluded that the deformation path change was an effective tool for manipulating texture as well as microstructure. Purcek et al. [13] investigated the microstructural evolution and mechanical properties of the Al-12Si alloy subjected to the ECAE. They observed an increase in the tensile and 514 Advances in Mechanical and Manufacturing Engineering yield strengths after six passes about 68% and 100%, respectively. The elongation to failure was 12%, which was almost eight times higher than that of the as-cast alloy.
The Material, Specimens, and the Testing Device
Al-6063 alloy was employed in this work. The samples as received were annealed at 420°C for three hours and cooled in the furnace at a cooling rate of 18°C/hr. The specimens, which were composed of 10×10×120 mm billets, were extruded through a die, as exhibited in Fig. 2(a) . The extrusion was conducted on a 60 ton Avery universal testing machine which is presented in Fig. 2  (b) .
(a) (b)
Fig. 2: A general view of the ECAE die (a) and Avery universal testing machine (b)
The ECAE Tests ECAE tests were performed using 1, 2, 3,4, and 5 passes following route A at a temperature ranging from 195°C to 205°C. Eight specimens were tested during each pass. The tested billets were used to prepare the specimens for mechanical characterisation and microstructural examination of the extruded materials. Typical specimens as unprocessed, after the 1 st , the 4 th and the 5 th pass are presented in Fig. 3 . The MOS 2 lubricant was also used to lubricate the die. 
The Hardness Measurement
Micro hardness measurements were established according to the standard ASTM E-384 using a Vickers microhardness tester with a load of 300g for 10 seconds. To investigate the microhardness, samples were cut across the flow direction of the material process as shown inFig.4 (a) with the white region. Three rows of indents where made. The distance between the rows were 4 mm and their lengthswere10mm, which were separatedinto10 points spaced at 1 mm intervals, displayed in Fig.4 (b) .The measurements were made on the inner surface of the billet (which was compressed during the ECAE process), the outer surface (which was tensioned during the ECAE process) and the mid-surface of the billet. The results for the mid-surface are illustrated in Fig. 5 . As the figure suggests, the highest increase in the, hardness (about 45%) occurred after the 1 st pass. A total of around 90% increase in the hardness was also observed after 5 passes. The Average Vickers Microhardness for different passes on inner, outer, and mid-surface of the billets is shown in Fig.6 .Variation of the hardness versus the number of passes on inner, outer, and mid-surface of the billets is depicted in Fig. 7 . As the figure indicates, the hardness of the inner surface where the billet was under compression was slightly higher than that of the mid-surface. For the outer surface, the situation was vice versa. The figures clearly show that the hardness was not uniform for the extruded billets using route A. However, this non-uniformity of the hardness distribution was not as significant. Fig.8 shows Scatter plot of the Vickers Microhardness across the flow direction for different number of passes. It can be seen that the variation across the flow material direction was minimal. It can be observed that the microhardness of the work pieces increased significantly during the deformation. The average microhardness of the work pieces after six pressings increased almost twofold compared to that of the received material. 
Conclusions
From the results obtained in this work, the following conclusions may be drawn: 1. The results indicated that significant improvement in the microhardness occurred after the 1 st pass. In subsequent passes, there was a gradual increase in the microhardness. 2. The maximum increase in the microhardness was 90% which occurred after 5 passes. 3. The Microhardness of the inner surface where the billets were under compression was slightly higher than that of the mid-surface. 4. The variation of the microhardness across the flow material direction was minimal. 
